The mammalian hair follicle unit consists of a central follicle and a series of associated structures: sebaceous glands, arrector pili muscles, Merkel cells, and sensory nerve endings. The architecture of this multicellular structure is highly polarized with respect to the body axes. Previous work has implicated Frizzled6 (Fz6)-mediated planar cell polarity (PCP) signaling in the initial specification of hair follicle orientation. Here we investigate the origin of polarity information among structures within the hair follicle unit. Merkel cell clusters appear to have direct access to Fz6-based polarity information, and they lose polarity in the absence of Fz6. By contrast, the other follicle-associated structures likely derive some or all of their polarity cues from hair follicles, and as a result, their orientations closely match that of their associated follicle. These experiments reveal the interplay between global and local sources of polarity information for coordinating the spatial arrangement of diverse multicellular structures. They also highlight the utility of mammalian skin as a system for quantitative analyses of biological polarity.
The mammalian hair follicle unit consists of a central follicle and a series of associated structures: sebaceous glands, arrector pili muscles, Merkel cells, and sensory nerve endings. The architecture of this multicellular structure is highly polarized with respect to the body axes. Previous work has implicated Frizzled6 (Fz6)-mediated planar cell polarity (PCP) signaling in the initial specification of hair follicle orientation. Here we investigate the origin of polarity information among structures within the hair follicle unit. Merkel cell clusters appear to have direct access to Fz6-based polarity information, and they lose polarity in the absence of Fz6. By contrast, the other follicle-associated structures likely derive some or all of their polarity cues from hair follicles, and as a result, their orientations closely match that of their associated follicle. These experiments reveal the interplay between global and local sources of polarity information for coordinating the spatial arrangement of diverse multicellular structures. They also highlight the utility of mammalian skin as a system for quantitative analyses of biological polarity.
T he structures that decorate the body surface of many animals are generally arranged with precise locations, densities, and orientations. Examples include insect cuticular derivatives such as sensory bristles and vertebrate epidermal derivatives such as hairs, feathers, and scales. In mammals, each hair is synthesized within a follicle, an invagination of surface ectoderm in which stem cells, pigment cells, and epidermal cells are arranged in a highly organized fashion around a central hair shaft (1) . In general, follicles are positioned in the dermis at an oblique angle to the skin surface, and, at each location, these angles have a definite orientation relative to the body axes or to local anatomic landmarks. For example, on the dorsal trunk of rodents, hair follicles point from rostral to caudal and on the limbs the follicles point from proximal to distal. In mammals, an additional level of complexity arises from the arrangement of follicle-associated structures: sebaceous glands, arrector pili muscles (APMs), Merkel cells, and cutaneous sensory nerves (1) . Two sebaceous glands emerge from each hair shaft at a point roughly halfway along its length and reside symmetrically on each side of the central shaft (2) . One end of an APM fiber attaches to the hair follicle below its sebaceous glands; the other end attaches to the epidermis tens to hundreds of micrometers away. APM contraction pivots the follicle about its point of insertion at the skin surface so that the follicle assumes a more nearly vertical orientation. The Merkel cell complex consists of afferent nerve endings and an associated semicircle of specialized epidermal derivatives that surround the largest follicles [guard or tylotrich hairs (3) (4) (5) ]. Like primary auditory hair cells, with which they share a number of molecular attributes, Merkel cells appear to act as mechanosensors (6) . Hair follicles are in direct contact with a variety of morphologically distinct cutaneous sensory afferents (7, 8) . For example, one subtype contacts the follicle with a group of 5-10 extended rods aligned along the follicle axis (lanceolate endings), and a second subtype extends branches that wrap multiple times around the follicle (9) . In mice, follicles and follicle-associated structures form on different schedules. Guard hair follicles and semicircular Merkel cell clusters are present by embryonic day (E) 16 , and follicle-associated lanceolate nerve endings are present by postnatal day (P)0, but sebaceous glands and APMs develop postnatally (2, (10) (11) (12) (13) .
The orientation of surface structures in insects and mammals is controlled, at least in part, by the tissue polarity or planar cell polarity (PCP) system. First defined in Drosophila, PCP signaling is mediated by a core set of approximately six genes that form asymmetric cell surface complexes and convey vectorial information from cell to cell within an epithelium (14) . In mice, loss-of-function mutations in Frizzled (Fz)6 or Celsr1, or the semidominant Loop-tail gain-of-function mutation in Vangl2-all homologs of core PCP genes in Drosophila-lead to aberrant hair follicle orientations (15) (16) (17) (18) (19) . In Fz6 −/− mice, where this phenomenon has been most extensively studied, follicles on the back initially exhibit orientations that appear approximately random. During the first postnatal week, the follicles reorient within the dermis to generate novel hair patterns, including tufts (cow-licks) and whorls (18, 19) . Pattern formation appears to reflect the actions of a developmental program that aligns neighboring follicles, thereby creating a patchwork of small-scale patterns that compete as each pattern enlarges and becomes more organized. This local refinement program, which appears to be independent of PCP signaling, is also active in WT mice, but its effects are not as dramatic as in Fz6 −/− mice. In WT mice, follicle orientations in late fetal life are within 10-20°of their mature values, and therefore, their postnatal orientations change relatively little.
In the present study, we take advantage of the 2D structure of the skin and the presence of large numbers of follicles to provide a quantitative analysis of the responses of follicle-associated structures to PCP signaling and to the local refinement process. In particular, we assess in both WT and Fz6 −/− backgrounds the relative orientations of follicles and follicle-associated structures, as well as the relationship between the orientations of these structures and the anatomic axes of the mouse to determine whether the orientations of the various follicle-associated
Significance
In mammals, hair follicles reside in the skin together with a set of follicle-associated structures: sebaceous glands, nerve fibers, specialized sensory cells, and muscle fibers. In general, the follicle and its associated structures are precisely oriented with respect to the body axes. The present study shows that, in mice genetically engineered to lack the follicle orienting system, the follicle-associated structures-with the exception of the specialized sensory cells-acquire an orientation that matches that of the follicle. These experiments imply that hair follicles communicate local orienting information to most of their associated structures.
structures are governed by global polarity cues or by the local polarity of the follicle with which they are associated. These experiments shed light on a fundamental question in developmental biology: how a complex multicellular structure-in this case, the hair follicle unit-coordinates the spatial orientations of its component parts.
Results
Sebaceous Glands. Sebaceous glands can be visualized with lipophilic dyes such as Oil red O. However, in flat mounts of fullthickness skin, this staining can be obscured by dermal fat, which also binds lipophilic dyes. To circumvent this problem, we identified two regions of adult skin-on the dorsal surface of the feet and on the tail-that have minimal fat and are therefore especially suitable for the analysis of sebaceous gland orientation. The dorsal surface of the foot has the further advantage that follicles in this region reproducibly form a single whorl in Fz6 −/− mice (15), thus providing a set of follicles that encompass the full range of orientations for quantitative analysis.
Flat-mounted skins from the hind feet of P21 WT and Fz6
mice, each carrying a follicle-specific Keratin (K)17-GFP transgene (20) , were stained with Oil red O and imaged for both GFP and Oil red O ( Fig. 1 A-F). (Throughout this paper, Fz6 +/+ and Fz6 +/− are interchangeably referred to as WT because both exhibit the WT pattern of follicle orientations.) In these and other experiments described below, P21 was chosen as the optimal age for analysis because this corresponds to the nadir of skin pigmentation during the first telogen cycle (21) (22) (23) . The highly uniform proximal-to-distal orientation of hair follicles is apparent on the dorsal surface of WT feet (Fig. 1B) , as is the whorl on the dorsal surface of Fz6 −/− feet (Fig. 1E) . It is also apparent that each follicle is associated with a pair of symmetrically placed sebaceous glands. The orientations within the plane of the skin of 120 follicles and their associated sebaceous glands were determined for WT and Fz6 −/− skins (Fig. 1G) . For both genotypes, the orientation of each pair of sebaceous glands-defined as the line of symmetry between the pair-and the orientation of the associated follicle is highly correlated, with a mean angular difference of 4 ± 3°(mean ± SD) for WT and 6 ± 5°for Fz6 −/− . This tight spatial coupling presumably reflects the origin of the sebaceous gland as an outgrowth from a follicle-derived progenitor pool and the resulting physical connection of each gland with the follicle from which it originates (2) .
In flat mounts of WT tail skin, Oil red O staining reveals a highly ordered arrangement in which triplets of follicles and their paired sebaceous glands are associated with an oval-shaped zone of melanin pigmentation ( Fig. 2 A and C) . These clusters are arranged in lateral rows, with neighboring rows exhibiting an offset in phase of 180°, i.e., hexagonal packing. In Fz6 −/− tail skin, this arrangement is disorganized in several ways: the number of follicles per cluster varies, adjacent clusters frequently exhibit partial or complete fusion, the zones of pigmentation lack a fixed relationship to the position of nearby follicles, and the lateral alignment of follicle clusters is degraded ( Fig. 2 B and D) . In contrast to the situation on the foot, the position and symmetry of sebaceous glands are affected in Fz6 −/− tail skin, with some follicles exhibiting sebaceous glands of different size or, in some cases, only a single sebaceous gland. These data indicate that PCP signaling is required-either directly or indirectly-for multiple aspects of the nearly crystalline arrangement of epidermal structures in the tail skin.
APMs. An initial survey of different skin regions showed that follicles on the foot lack APMs, whereas each follicle on the back is associated with an APM. For quantitative analyses, APMs were visualized in flat-mount P21 back skin by immunostaining for anti-smooth muscle actin (SMA), hair follicles were visualized with anti-GFP antibodies (the mice carry the K17-GFP transgene), and the skin was clarified after immunostaining with 2:1 benzyl benzoate:benzyl alcohol (BBBA). The resulting Zseries confocal images reveal the full trajectories of hair follicles and their associated APMs (Fig. 3) . To increase the frequency of encountering follicles with aberrant orientations on the backs of adult Fz6
−/− mice, we incorporated a recessive modifier allele, referred to as the ridge allele, that we recently discovered serendipitously and that produces whorls and ridges at nearly 100% efficiency when combined with homozygous loss of Fz6. By contrast, Fz6 −/− mice maintained on a mixed C57BL/6 × 129 background, which are not homozygous for the ridge allele, exhibit multiple back whorls and ridges only during the first 2 postnatal wk. In most of these mice, the follicles progressively reorient to become nearly parallel to the anterior-posterior (A-P) axis by P21. At present, the molecular identity of the ridge modifier is unknown.
In WT back skin at P21, follicles are aligned with the A-P axis, and follicle and APM orientations are highly correlated, with a mean angular difference of only 10 ± 9°(mean ± SD; Fig. 3 A-E). To assess the full range of possible APM and follicle orientations, we analyzed three regions of P21 Fz6 −/− ;ridge/ridge back skin with very different follicle orientations. One territory, labeled A to P in Fig. 3 F-J, is populated by follicles oriented from anterior to posterior. Although the follicle orientations at this time point closely resemble those of the WT sample, the Fz6
;ridge/ridge follicles have arrived at these orientations by a more circuitous route because their orientations were highly variable 3 wk earlier (18, 19) . As seen in Fig. 3 F-J, the APMs and follicles in this zone are relatively well aligned, with a mean angular difference of 13 ± 12°, only slightly larger than the WT control. A second territory, labeled P to A in Fig. 3 K-O, is populated by follicles that are oriented from posterior to anterior, i.e., they are reversed 180°to the WT orientation. By visual inspection, some of the associated APMs appear less well aligned compared with WT APMs, with some individual muscle fibers showing a pronounced bend. For this cohort, the mean angular difference between follicles and APMs is 13 ± 13°.
A third territory, encompassing the center of a whorl, exhibits a number of distinctive features ( Fig. 3 P-T). As described by Wang et al. (19) and seen in Fig. 3Q (arrowheads), follicles close to the center of a whorl are often bent, suggesting that in this region the local alignment mechanism drives a more extensive reorientation. Some APMs close to the center of the whorl are also bent, suggesting that they are undergoing a parallel process of reorientation. In this territory, the mean angular difference between follicles and APMs (46 ± 35°) is substantially higher than in the WT control. Visual inspection of the vector schematic ( Fig. 3S ) and scatter plot (Fig. 3T) show that there is also a systematic deviation of APM angles toward the A-P axis. By contrast, follicle angles evenly populate the full 360°, as expected for the constituents of a circularly symmetric whorl. As a result, the best-fitting line for the APM vs. follicle angle scatter plot has a slope of 29°from the horizontal [red line in Fig. 3T ; calculated from the Deming regression line (24)].
We can attempt an interpretation of these data by considering the spatial relationship between the points of APM attachment on the follicle and at the epidermis, as well as the relationship between follicle orientation and APM orientation during the period of follicle rotation. As discussed more fully below, APM development begins at ∼P1 and is complete by ∼P5 (13), a time window that largely overlaps the period of follicle rotation in Fz6 −/− skin. Five possible models encapsulating these relationships are shown in Fig. 3U . In WT back skin, the site of APM attachment at the epidermis is located almost directly posterior to the epidermal insertion point of its associated follicle (Fig. 3 A-E). The regular arrangement of follicle insertion points at all stages of development suggests that these points are fixed (19) . If, in Fz6 −/− skin, the sites of APM attachment at the epidermis were fixed at the same locations as in WT skin, then the APMs would track the reorienting follicles as diagrammed in model A of Fig. 3U . The data appear to rule out this model because it predicts that follicles with fully reversed orientations would be attached to APMs that are substantially shortened, whereas the data show that APM lengths are unaffected when follicle orientations are reversed (cf. Fig. 3 F-I and K-N). Model B in Fig.  3U , which posits a lock-step relationship between follicle orientation and APM insertion point, and model E, which shows the APM developing after all follicle movements have ceased, also appear to be incompatible with the data, as these models fail to account for the discrepancy between follicle and APM orientations near the center of a whorl (Fig. 3 P-T) .
Instead, the data point to models in which the site of APM attachment at the epidermis is mobile and/or is determined relatively late in follicle development, as seen in models C and D in Fig. 3U . These models are consistent with the wide range of APM orientations and with the residual discrepancy between APM and follicle orientations seen in territories, such as the center of a whorl, where follicles likely undergo the greatest reorientation. The discrepancy between APM and follicle orientations at the center of a whorl, quantified by the shallow slope of the scatter plot in Fig. 3T , is consistent with the idea that APM movement responds to and lags behind follicle reorientation.
Merkel Cells. As noted in the Introduction, a semicircle of specialized epithelial derivatives (Merkel cells) surrounds the base of each guard hair follicle (Fig. 4A ). Merkel cells can be labeled either by immunostaining for cytokeratin-8 (CK8) or by in vivo uptake of bulky cationic dyes, such as AM1-43 and AM4-65, that permeate large nonselective cation channels (25) (Fig. 4 B-B″) .
In comparing WT and Fz6 −/− back skin at P1 and P14, the Merkel cell distribution exhibits a striking difference: instead of the semicircle of Merkel cells seen in WT skin, Merkel cells in Fz6 −/− skin are arranged in a circle (Fig. 4 C-H) . We quantified this phenotype using three measurements on 60 WT and 60 Fz6 −/− Merkel cell clusters at P1. First, we measured the angle, centered on the follicle, of the largest inter-Merkel cell gap within each cluster (Fig. 4 I and J, Left) ; second, we counted the number of Merkel cells in the anterior and posterior halves of the cluster, as determined by bisecting the image with a line centered on the follicle and oriented perpendicular to the A-P axis (Fig. 4 I and J, Center) ; and third, we counted the number of Merkel cells in the proximal and distal territories of the cluster, with these territories determined by bisecting the image with a line centered on the follicle and oriented perpendicular to the follicle axis (Fig. 4 I and J, Right) . The first method assesses the completeness of the circle of Merkel cells irrespective of the orientation of the Merkel cluster or its follicle. The second and third methods assess the extent to which asymmetry in the Merkel cell distribution conforms to the A-P axis or to follicle orientation, respectively. All three methods show highly significant differences between WT and Fz6 −/− Merkel cell arrangements, with no evidence for spatial asymmetry in the Merkel cell clusters of Fz6 −/− mice. Importantly, these data show that, in the absence of Fz6, the asymmetry of the Merkel cell cluster is absent at P1, shortly after Merkel cells have clustered around the central follicle (see below). If, as suggested by Nurse and Diamond (3), the semicircular arrangement of Merkel cells is important for Follicle-Associated Nerve Endings. Any assessment of the geometry of hair follicle innervation faces the challenge that each follicle is innervated by multiple cutaneous sensory afferents, thus precluding the use of neurofilament immunostaining or other nonselective methods for visualizing the structure of individual afferents (11) . Recently, Badea et al. (26) described a genetically directed approach for sparse histochemical labeling of individual cutaneous afferents using tamoxifen-controlled neuron-specific Cre recombination to activate the expression of a membraneanchored alkaline phosphatase (AP) reporter. This system combines an IRES-CreER knock-in at the Neurofilament Light Chain gene [NFL-CreER (27) ] and Cre-controlled transcription of an AP knock-in at the Brn3a gene, which is widely expressed in dorsal root ganglion (DRG) neurons. In the present experiments, Cremediated recombination was transiently activated by maternal injection of tamoxifen at day 14 of gestation. We used this bipartite genetic system in both a conventional Fz6 −/− background and a Fz6 −/− ;ridge/ridge background and focused on a relatively common class of sensory afferents with C-shaped endings that contact hair follicle shafts. These arbors are heterogeneous in size, and the C-shaped endings are decorated with longitudinal lanceolate specializations and are distinct from the endings that contact Merkel cell clusters.
P2 back skins from Fz6 +/− ;Brn3a CKOAP/+ ;NFLCreER and Fz6 −/− ;Brn3a CKOAP/+ ;NFLCreER littermates that were stained histochemically for AP show similar abundances, sizes, and branching patterns of sensory arbors. At this age, hair follicles in Fz6 −/− skin exhibit a variety of orientations, whereas follicles in WT skin are highly organized in an anterior-to-posterior direction. In WT skin the C-shaped sensory endings face anteriorly, whereas in Fz6 −/− skin the C-shaped sensory endings exhibit a variety of orientations ( Fig. 5 A and B) .
Additionally, in Fz6 −/− skin, ∼30% of the follicle-associated nerve endings fully encircle the follicle (O-shaped endings), a morphology that is only rarely observed in the WT (Fig. 5C ). The C-and O-shaped endings are found on different branches of the same sensory arbor, suggesting that they represent alternate forms of the same type of sensory structure. Both types are located close to the skin surface with the endings largely confined to a plane perpendicular to the follicle axis. The opening of the C-shape faces the bulb of the follicle. The presence of O-shaped endings in Fz6 −/− skin implies that sensory nerve endings, like Merkel cell clusters, use PCP information, either directly or indirectly, to develop an asymmetric structure. In Fz6 −/− skin, the angular distributions of follicles associated with C-or O-shaped endings were indistinguishable and appeared, in both cases, to constitute a representative sampling of the follicle population (Fig. 5 D and E) . Quantification of the orientations of >300 pairs of follicles/C-shaped endings per genotype showed a tight correlation in WT skin (mean angular difference of 10 ± 8°) and a weaker correlation in Fz6 −/− skin (mean angular difference of 28 ± 33°) with approximately onequarter of the Fz6 −/− pairs exhibiting angular differences of >45° (  Fig. 5 D, F, and G) .
As noted above in the description of APM orientations, in the absence of the ridge allele, most of the follicles on the backs of Fz6 −/− mice reorient to a nearly parallel configuration by P21. During this postnatal period of follicle reorientation, we observed that C-shaped endings also reorient so that by P21 they have attained the same pairwise concordance with their associated follicles as the P21 WT control, with mean angular differences of 8 ± 7°for both distributions (Fig. 5 H and I) .
Interestingly, in Fz6
−/− mice, during the first 3 wk of postnatal life, there is either a selective removal of O-shaped endings or a conversion of O-shaped to C-shaped endings. Specifically, in the Fz6 −/− sample at P2, 30% (139/463) of sensory endings were Oshaped, whereas at P21, 1% (2/186) were O-shaped. In the control Fz6 +/− sample at P2, 2% (9/406) of sensory endings were O-shaped, and at P21, 1% (3/274) were O-shaped. A conversion from an O-shaped to C-shaped ending might represent a maturation process that is coupled to the maturation of follicle orientation.
A more dramatic test of the reorienting capability of C-shaped follicles is afforded by studying Fz6 −/− ;ridge/ridge mice, because at P21 they exhibit large numbers of follicles covering the full range of orientations. Fig. 6I shows, in schematic form, the pattern of follicle orientations in the head and back skin of a typical Brn3a CKOAP/+ ;NFLCreER;Fz6 −/− ;ridge/ridge mouse at P21, and Fig. 6 A-H shows representative sensory arbors with C-shaped endings from the four territories demarcated by black squares in Fig. 6I . The four territories contain follicles with orientations that represent, to first approximation, the four cardinal directions within the plane, and in each case the C-shaped endings have reoriented to almost perfectly match the orientations of their associated follicles (Fig. 6 E-H) . A compilation of orientations for 210 follicle/C-shaped ending pairs further confirms this observation, with mean angular differences of 12 ± 10°( Fig. 6 J and K) . Taken together, these data imply both a close anatomic coupling between follicles and C-shaped endings and substantial postnatal plasticity that promotes their coordinated reorientation.
Developmental Time Course and Patterns of Fz6 Expression in Follicle-
Associated Structures. Any model for the flow of polarity information in the skin must account for the temporal order in which different dermal structures develop. That is, if structure A develops and assumes its correct orientation before the appearance of structure B, then we can envision polarity information flowing from A to B but not the reverse. Similarly, Fz6-dependent polarity information can flow from structures that express Fz6 to those that do not, but this type of information cannot flow in the reverse direction. To explore these constraints, we defined the time course of development and the pattern of Fz6 expression for hair follicles, sebaceous glands, APMs, Merkel cell clusters, and sensory nerves in back skin and sebaceous glands and hair follicles on foot skin (Fig. 7) . Our time course data confirm previous analyses for these structures (2, 10, 11, 13, 21, 28) , which demonstrated that follicles, sensory afferents, and Merkel cell clusters develop prenatally, whereas APMs and sebaceous glands develop postnatally (Fig. 7) . APM development begins at ∼P1 with the secretion of the basement membrane protein nephronectin by bulge cells, the site of attachment of the APM on the follicle, and with the adjacent condensation of α8/β1 integrin-expressing dermal mesenchyme cells, the precursors of the APM (13) . By ∼P6, fully differentiated APMs spanning from follicle to epidermis are seen by staining for SMA (Fig. 7 A-C) . We note that differences between body regions and between different follicle types mean that a single time line of skin development represents an idealization and serves only to approximate the timing of events for any particular location.
Fz6 expression was analyzed by taking advantage of the nuclear localization signal (nls) lacZ reporter that was knocked into the Fz6 locus. Anti-β-galactosidase immunostaining and/or X-gal histochemistry shows Fz6 expression in epidermis, hair follicles, Merkel cells, and sebaceous glands, but not in APMs or DRG neurons, the source of sensory afferents (Fig. 7 A-F, K, and M) . Close examination of X-gal-stained Fz6 nlslacZ DRGs shows that
Fz6 expression is confined to the vasculature (Fig. 7K) . However, the closely related Fz3 gene [analyzed in a similar fashion with a lacZ knock-in allele (29)] is expressed in DRG neurons starting before birth (Fig. 7L) , raising the possibility that cutaneous sensory afferents might use Fz3-based rather than a Fz6-based polarity information to regulate the orientations of follicle associated sensory endings. Fz3 is not detectably expressed in epidermis, hair follicles, or any other cells in the skin (Fig. 7N) . Taken together, the data suggest that early-developing and Fz6-expressing hair follicles and Merkel cells likely have direct access to Fz6-dependent polarity information, and late-developing and Fz6-nonexpressing APMs may receive polarity information secondarily from hair follicles and/or the epidermis. As sebaceous glands are also late to develop and form as an outgrowth from the follicle, their orientation is very likely derivative to that of the parent follicle. Whether cutaneous sensory endings have access to polarity information independent of the follicle with which they associate is uncertain, but the close match between the orientation of individual follicles and their associated C-shaped endings argues that nerve endings can distinguish the apical and basal faces of hair follicles and can use this distinction to direct their association with the target follicles.
Discussion
Coordination of Polarity Among Multicellular Structures. The experiments presented here reveal a previously unappreciated plasticity in the orientations of multicellular structures that, together with the follicle itself, comprise the hair follicle unit: sebaceous glands, APMs, Merkel cells, and afferent nerve terminals. The heterogeneity in follicle orientations seen in Fz6 −/− mice facilitates the analysis of this phenomenon, because the combination of variable starting orientations and large reorienting movements permit a clear assessment of the extent to which the follicles and their associated structures coordinate orientations. We presume that the same plasticity exists in WT mice, the only difference being that, in WT hair follicle units, reorientation is generally limited to relatively small angular adjustments.
The different developmental schedules of follicle-associated structures and their different responses to the misorientation and reorientation of hair follicles suggest that polarity information is communicated among these structures in distinct ways. The simplest pattern is seen with sebaceous glands, which form after most follicle movement has already occurred and which arise as a direct outgrowth from the follicle. It is therefore not surprising that sebaceous gland and follicle orientations are closely matched. The pattern of APM reorientation hints at a more complex program in which the site of APM attachment at the epidermis is either influenced by the orientation of a follicle tens to hundreds of micrometers away or can shift over time to accommodate follicle reorientation. A third pattern is shown by Merkel cells, which develop early, with groups of cytokeratin-8 positive epithelial cells coalescing around developing follicles by E17. In Fz6 −/− mutants, the intrinsic polarity of Merkel cell clusters is absent. The expression of Fz6 in developing Merkel cells, together with the demonstration that Merkel cells are of epithelial origin (12) , suggests that the polarization of Merkel cell clusters may be determined by PCP signaling in the embryonic epidermis before the Merkel cells migrate below the keratinocyte monolayer. A fourth pattern is seen in the arrangement of melanocyte-rich zones in the tail skin. In Fz6 −/− mutants, these zones exhibit disruptions in continuity and in location relative to hair follicle triplets on a spatial scale of several hundred micrometers. At present, little can be said about these structures, because it is not known whether Fz6 is expressed in melanocytes or how the patterning of these melanocyte zones develops. Finally, the C-shaped follicle-associated sensory afferents show a response that appears to be a hybrid between the responses exhibited by APMs and Merkel cells, with some sensory afferents reorienting to accommodate the orientation of their target follicle and others switching from an asymmetric C-shape to a symmetric O-shape. Although correlative analyses of the type described here cannot define causal relationships, the data are consistent with the idea that hair follicles communicate their orientations to APMs and sensory afferents, which respond by reorienting appropriately.
Coordinating the spatial arrangement of multicellular structures is a ubiquitous feature of animal development. Among vertebrates, classic examples of ordered anatomic structures include the rostrocaudal arrangement of rib, vein, artery, and nerve within each segment of the thoracic wall; the arrangement of ligament and tendon insertion points on bones; and the microarchitecture of the inner ear. A fundamental question in such systems relates to the flow of information. In each case, one or more structures could direct the spatial arrangement of other interacting structures. Alternatively, the different structures could follow autonomous programs or pool information in a way that precludes a strictly hierarchical model. Ultimately, a full understanding requires a detailed description of the relevant molecular signals and cellular responses. At present, this level of understanding has not been fully realized for even the simplest model systems of cell-cell communication, such as the mother cell/forespore system of sporulating Bacillus subtilis (30) .
Vertebrate Skin as a System for Studying Macroscopic Patterns. The present study showcases several experimental strengths of vertebrate skin and hair as a system for the quantitative analysis of tissue patterning. First, mutations that exclusively affect hair development or patterning, such as the Fz6-null mutation studied here, are not lethal, thereby facilitating a comparison of mutant and WT animals at all developmental stages. Second, the number of hair follicles is large, and the structure of hair follicle units is stereotyped, features that permit the analysis of large data sets and facilitate the recognition of subtle affects on patterning. Third, skin is a relatively thin tissue that can by dissected intact and imaged as a flat mount with tissue-penetrating microscopy and/or clearing agents, thus preserving the spatial arrangements of large multicellular structures on the scale of the entire animal. Fourth, a large number of tissue stains, antibodies, and genetically directed cell marking methods have been developed for selectively visualizing a wide variety of skin structures. For completeness, we also note two additional experimental strengths arising from the surface location of skin that were not used in the present study: skin can be directly imaged in living animals and skin is highly amenable to experimental manipulation such as infection by transducing viruses to alter gene expression (31, 32) . Taken together, these attributes make mammalian skin a uniquely attractive tissue in which to study the interaction of macroscopic and microscopic patterning systems.
Experimental Procedures
Mouse Husbandry. Fz6 +/− and Fz6 −/− mice were maintained on the background of a homozygous K17-GFP transgene. For Fz6 genotyping, three primers were used: a shared forward primer (5′-CAAGCCATGTGGTAAAA-TCG-3′), a reverse primer in the endogenous Fz6 coding region that is deleted in the targeted allele (5′-AGGCATGAAAATCCACTCAC-3′), and a reverse primer in the nlacZ coding region that is present in the Fz6 KO allele (5′-AAATTCAGACGGCAAACGAC-3′). The WT PCR product is 229 bp and the Fz6 KO product is 545 bp. Fz6
−/−
;ridge/ridge mice could be typed by visual inspection of the hair pattern. K17-GFP transgenic mice were a kind gift of Pierre Coulombe (The Johns Hopkins University, Baltimore) (20) ; Brn3a Oil Red O staining. Hind paws from 3-wk-old mice were treated with commercial hair remover for 10 min and washed with tap water. Skins were dissected, pinned flat to Sylgard plates, fixed in 1% paraformaldehyde (PFA) in PBS for 30 min, rinsed in PBS, and then transferred to six-well plates for staining. Next, skins were washed in 60% isopropanol for 5 min, stained with 0.3% Oil red O in isopropanol for 2 h, rinsed with 60% (vol/vol) isopropanol for 5 min, and then stored in water before imaging. All of the procedures were performed at room temperature.
Immunostaining. For flat-mount immunostaining of P21 back skins, mice were treated with hair remover, wiped clean with tissue paper, and washed with tap water. Back skins were then dissected, rinsed with PBS, pinned flat to Sylgard plates, and fixed in 4% (wt/vol) PFA in PBS overnight at 4°C. Skins were rinsed in PBS, washed with PBS containing 0.3% Triton X-100 (0.3%
